A wide range of climate change-induced effects have been implicated in the prevalence of infectious diseases. Disentangling causes and consequences, however, remains particularly challenging at historical time scales, for which the quality and quantity of most of the available natural proxy archives and written documentary sources often decline. Here, we reconstruct the spatiotemporal occurrence patterns of human epidemics for large parts of China and most of the last two millennia. Cold and dry climate conditions indirectly increased the prevalence of epidemics through the influences of locusts and famines. Our results further reveal that lowfrequency, long-term temperature trends mainly contributed to negative associations with epidemics, while positive associations of epidemics with droughts, floods, locusts, and famines mainly coincided with both higher and lower frequency temperature variations. Nevertheless, unstable relationships between human epidemics and temperature changes were observed on relatively smaller time scales. Our study suggests that an intertwined, direct, and indirect array of biological, ecological, and societal responses to different aspects of past climatic changes strongly depended on the frequency domain and study period chosen.
S
everal studies have suggested possible linkages between climatic changes and the outbreaks and range expansion of many infectious diseases, such as cholera (1) (2) (3) , malaria (4), diarrhea (5) , and plague (6-8) (for review, see refs. 9 and 10). Both the Intergovernmental Panel on Climate Change (IPCC) and the World Health Organization (WHO) report an increased risk of the prevalence of infectious diseases under the ongoing and predicted rise in global temperature and shifts in the hydrological cycle (9, 11, 12) . Under a warmer climate, disease transmissions are facilitated, as vectors expand their range from tropical to temperate regions or reproduce more readily with increased rain or flooding (9) (10) (11) (12) . However, our current understanding of the impacts of climate change on the prevalence of diseases is mainly restricted to information from the past decades, as the above studies show.
Using short-term data to predict long-term changes may lead to incorrect results. The predicted ecological effects of climate change may differ when data represent different time scales (length of study interval) and frequency domains (short-or long-term trends) (4, 13, 14) . Our understanding of the possible effects of climate variability on epidemics at time scales of several centuries to millennia is currently limited by the lack of written historical sources and natural proxy archives (but see refs. 7, 8, and 15) . However, a few studies based on preindustrial long-term data suggest that cooling, rather than warming, increases the prevalence of epidemics in Europe (15, 16) , and thus contradict results based on short-term data alone (17) (18) (19) . As the apparent contradiction is mainly caused by the availability of data, this highlights the urgent need to investigate scale-dependent impacts of climate change on the prevalence of diseases over varying time scales. A long-term paleoperspective is broadly missing.
China has a long history of recording political events and natural disasters (20) . Scientists have edited the records of natural and manmade disasters over the last 3,000 y, including explicit information on location and year (e.g., for locust outbreaks, see ref. 21 ; for natural and manmade disasters, see ref. 22 ; for meteorological records, see ref. 20) . This was done by extracting the original records from standard histories and local gazetteers. These records have been successfully used to reconstruct outbreaks of locusts (13, 23) and human plague (7) in ancient China, and link them to climatic changes at different spatiotemporal scales (7, 13, 24, 25) . However, such studies on the prevalence of human epidemics are still lacking.
In this study, we first reconstructed a time series of two millennia of human epidemic events in China (AD . This was done using records extracted from the book A Compendium of Chinese Meteorological Records of the Last 3,000 Years (20) , and using methods established by Tian et al. (13) . Most of the records of human epidemic events (Yi, in Chinese) were characterized by reports of massive deaths of people over a short time period within several counties, mostly caused by unknown infectious diseases. The symptoms of reported human epidemics in history are similar to those of plague, cholera, or malaria (26, 27) . However, the names of specific pathogens or diseases were not cited in most cases. Nevertheless, the records are still valuable when studying the effects of climate change on the prevalence of infectious diseases in general at a large spatial-temporal scale, and when assessing possible links between infectious diseases and social crisis (15) .
The historic records of human epidemic events over the past two millennia were mainly centralized on the mainland of eastern China, particularly the lower parts of the Yellow River and
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The lack of available data, including written historical sources and natural proxy archives, has constrained us when disentangling the effects of climate change on the prevalence of infectious diseases. We first reconstructed human epidemics in China over the last two millennia and analyzed the impacts of climate change on the prevalence of human epidemics at various time scales. We show that long-term trends of cold and dry conditions indirectly facilitated the prevalence of epidemics through locusts and famines. Nevertheless, temperature showed unstable associations with epidemics on a small time scale. Our study highlights the urgent need to investigate scale-dependent impacts of climate change on the prevalence of diseases.
the Yangtze River regions, and along coastlines (Fig. 1A) . Considering the quality and quantity of human epidemic records, we divided our data into two time periods: the Ming-Qing period (AD 1368-1911) and before the Ming-Qing period (AD 1-1367) (Fig.  1B) . Climatic and biological time series were used in the analyses, from sources including temperature (28) (29) (30) (31) (32) (33) , drought, flood, locusts, and famine (see Methods and Fig. 1C and SI Appendix, Fig. S1 and Table S1 ). Abbreviations for Temp.G, Temp.L, Temp.M, Temp.T, Temp.W, and Temp.Y represent the reconstructed temperature series from refs. 28-33, respectively. As the epidemics data before the Ming-Qing period were too sparse, we only focused on analyzing the data of the Ming-Qing period, but presented analyses of the data before the Ming-Qing period in SI Appendix.
To identify the scale-dependent impacts, the relationships between temperature and human epidemic events, drought, flood, locusts, and famine were analyzed by considering the frequency domains (short-or long-term trends) and time scales (i.e., length of study interval). Analyses of frequency domains aimed to study the associations of high frequency with rapid changes and low frequency with slow changes in the studied system of feedbacks to climate change. Data were analyzed at two time scales by using long-term data covering the Ming-Qing period (more than 500 y) and short-term data within 100-y moving windows, comparable to the time scale used in the literature. Using 100-y moving windows in our analyses helped us reveal the effects of time scale, and the stability of associations between epidemics and climate over time.
Results
For the Ming-Qing period, correlation analyses for both annually resolved and decadally resolved data showed that most of the variables of epidemic events, locusts, famine, drought, and flood are significantly (P < 0.05) and positively correlated with each other; most temperature time series showed significant (P < 0.05) negative correlations with epidemic events via locusts, famine, drought, and flood, either directly or indirectly ( Fig. 2 A and B and SI Appendix, Tables S2 and S3). For the Ming-Qing period, correlation analyses using high-frequency data also showed significant positive correlations among most of the variables of epidemic events, locusts, famine, drought, and flood (P < 0.05); but only Temp.Y showed significant negative associations (P < 0.05) with epidemic events via locusts, famine, and drought using decadally resolved data ( Fig. 2 C and D) . Correlation analyses using low-frequency data showed similar correlation patterns with those at all-frequency domains, except that the number of significant correlations became fewer; most temperature series (except for Temp.G) showed significant direct or indirect associations (P < 0.05) with epidemic events via drought and famine ( Fig. 2 E and F) .
For the Ming-Qing period, SEM analyses using all-frequency data showed that for both the annually and decadally resolved data, temperature variables had indirect negative effects on human epidemic events through two pathways: temperature→(−) drought→(+) famine→(+) epidemics; temperature→(−) drought→(+) locusts →(+) famine→(+) epidemics (+ indicates a positive effect, − a negative effect) ( Fig. 2 A and B) . In addition, when looking at the annually resolved data, temperature had a direct negative effect on human epidemic events and an indirect negative effect through the following pathway: temperature→(−) locusts→(+) famine→(+) epidemics. Floods had a direct positive effect on epidemic events ( Fig. 2A) . SEM analysis using high-frequency data showed that drought, flood (only for annually resolved data), locusts, and famine showed significant and positive effects on the prevalence of epidemics ( Fig. 2 C and D) , but temperature showed no significant effects on epidemic events. For the period before Ming-Qing, SEM results did not reveal an indirect pathway effect of temperature on epidemic events, but highlighted the direct negative effects of temperature on epidemic events for both annually and decadally resolved data (SI Appendix, Fig. S2 ).
For the Ming-Qing period, when data were analyzed on a small time scale using 100-y moving windows, correlations between human epidemic events and temperature were unstable over time, but low-frequency data showed mainly negative associations (Fig. 3) . Both positive and negative correlations between epidemic events and temperature were observed, but significant correlations were very few (Fig. 3 ). Both annually and decadally resolved data (Temp.T and Temp.M) showed similar correlation patterns. Global decadally resolved data (Temp.M and Temp.L) showed similar correlation patterns, but hardly differed from those of the four Chinese decadally resolved data series (they also had similar correlation patterns). The major similarity between those associations was that most of them had one or two positive correlation peaks around AD 1600 and 1800 (Fig. 3 ).
Discussion
Our results indicate that the effects of climate on the prevalence of human epidemic events are likely scale dependent, which may help explain various contradicting observations in the literature. Using long-term data on a scale of centuries to millennia, we found that a cold climate was associated with more human epidemic events in ancient China via increased frequencies of drought and locusts, followed by famine. Low-frequency (or long-term trend) temperature changes mainly contributed to the observed negative associations between human epidemic events and temperature, suggesting that climate cooling could have resulted in collapsed agricultural production and reduced health conditions due to famine, thereby increasing the prevalence of human epidemic events. Our results on disease prevalence derived from long-term data are inconsistent with previous research results derived from short-term data (often of only several decades). Further, our results from a small time scale (i.e., 100 y) indicated that the associations between human epidemic events and temperature were unstable over time. This suggests that the impacts of climate on human epidemic events are scale dependent (i.e., dependent on data frequency and time scale). We urge additional in-depth studies to look at the scale-dependent effects of climate change on the prevalence of human diseases.
Climate change is expected to produce profound effects on both the prevalence and severity of infectious diseases that are transmitted by their hosts and vectors, as many host or vector species of pathogens are sensitive to temperature and rainfall (9, 10, (34) (35) (36) . When looking at short-term data, climate warming reportedly increases the risk of disease transmission due to vectors expanding their range from tropical to temperate regions or reproducing more readily with increased rain or flooding (9) (10) (11) (12) . In the case of malaria, tropical mosquitoes are vectors for the disease and more actively transmit it under warm and wet conditions (17) . Malaria tends to occur during the rainy seasons because the mosquitoes prefer to lay their eggs in aquatic habitats or containers. In contrast, periods of drought may promote the transmission of the West Nile virus, as under these conditions mosquitoes and birds carrying the virus are more likely to approach people looking for water. In China, warm temperature has been found to increase the prevalence of several mosquito-borne diseases, such as malaria and dengue (18) and human plague (19) .
However, in a few studies using long-term data, a cold climate has been proposed to increase the prevalence of human epidemic events in ancient Europe (15, 16) . By using tree-ring chronologies from the Russian Altai and European Alps over the past two millennia, Büntgen et al. (16) identified the Late Antique Little Ice Age (LALIA) as occurring from AD 536 to around 660. The authors further suggested that the Justinian plague might be related to the LALIA. However, the quantitative relationship between climate and human epidemic events was not analyzed. By using historical records, Zhang et al. (15) found that climate cooling in the Little Ice Age (LIA) caused the collapse of agriculture, increasing both the incidence of famine and human epidemic events during AD 1500-1800 in Europe. Specifically, climate cooling led to a poor food supply, poor human nutritional status, and more migration, and hence an increase in the incidence of human epidemic events. However, the roles of other climatic factors (e.g., drought and flood) were not assessed. The resulting impacts of precipitation on human epidemic events are not consistent in the literature. The second and third pandemics of human plague are linked to increased precipitation, based on paleoclimatic reconstruction from AD 1280-1350 (6, 37). Flooding was found to facilitate the spatial transmission of human plague during the third pandemic in China (AD 1772-1969) (7). However, drought events in central Asia were found to have triggered the spread of the Black Death of AD 1347-1353 to Europe (8).
In our study, using long-term data, we have demonstrated that a cold climate had an overall positive effect on the prevalence of human epidemic events. Both annually and decadally resolved data showed similar temperature-induced responses of human epidemic events via drought, locusts, and famine (Fig. 2) . This is consistent with results (15, 16) obtained from long-term data in Europe, but contradicts more current observations using short-term data (17) (18) (19) . Furthermore, we revealed three indirect pathways from temperature to human epidemic events via drought, flood, locusts, and famine.
In this study, the negative bottom-up effects between temperature, drought, flood, and locusts were consistent with our previous studies showing that cold climates lead to more droughts, floods, and locusts over long-term periods (13, 24, 25) . These temperatureinduced climatic and biological disasters could destroy agricultural production, resulting in more famine, an increase in the price of rice, and triggering social crisis (15, 25) . In many historical documents, famines are often recorded as linked to outbreaks of locusts, drought, and flood, causing the collapse of agricultural production (20) . Our results show that climate change can increase the incidence of human epidemic events through an increased incidence of famine. Famine has been found to be linked to the poor nutritional conditions of people in Europe (15); it may have reduced immunity, hence increasing the risk of infection from various diseases. Famine induced by cool temperatures has been reported to trigger wars and large-scale immigration, further accelerating the transmission of disease (38) .
Our results suggest that the observed negative effects of temperature on human epidemic events (as well as droughts and locusts) were mainly attributed to its low-frequency components. However, both positive and negative associations were detected when data were analyzed on a small time scale using 100-y moving windows (Fig. 3) . The observed differences in the associations of human epidemic events with temperature, in relation to different frequency domains and time scales, may partially explain why the results of our study contradict those found in the literature. Highfrequency components of climate, which represent the short-term trends of climate, should be more associated with direct effects on epidemic events, while low-frequency data, which represents the long-term trends of climate, should be more associated with indirect, delayed, or accumulative effects. Short-term data, which represent a short study interval, mainly capture high-frequency components, while long-term data, which represent a long study interval, should capture both the low-frequency and high-frequency features of variables. Thus, the ecological effects of climate on diseases and their vectors may differ when investigated at different frequency domains and time scales (14) .
Koelle et al. (3) found that the low-frequency transmission rate of cholera was negatively correlated with rainfall and river water levels in India, but the high-frequency transmission rate of cholera was positively correlated with the El Niño Southern Oscillation (ENSO) or sea surface temperature (SST) and rainfall. Tian et al. (13) demonstrated that locust occurrences were negatively associated with temperature when data were analyzed using longterm data covering over two millennia, contradicting the positive association observed between locusts and temperature using shortterm data covering only several decades (23) . In China, a warm climate would benefit the growth and overwintering survival of many insect and rodent vectors directly at small time scales of several decades, but at large time scales of centuries or millennia, cold climate would lead to an increase in drought and locusts (25) . This in turn would lead to more famine (as shown in this study), due to collapses in agricultural production. Climate cooling-induced famine would facilitate disease infection and transmission by weakening both health conditions and immunity, due to the largescale immigrations of people (15) . Based on this study and previous observations in the literature, we proposed a scale-dependent mechanism of temperature-induced occurrences of human epidemic events (Fig. 4) .
First, a slowly cooling climate (i.e., low-frequency temperature) showed a positive effect on the prevalence of epidemic events via increased droughts and locusts which destroyed agriculture, caused more famine, and then reduced human immunity. People with low immunity and poor health conditions would be more susceptible to infection by pathogens. Such an indirect effect was often detected by using long-term data (i.e., studies using large time scales). Second, a rapidly warming climate (i.e., high-frequency temperature) would benefit the reproduction and development of vectors, which would increase the risk of disease infection. Such a direct effect was often captured by using short-term data (i.e., studies using small time scales). It was also possible to detect the indirect negative associations at low-frequency domains using short-term data (Fig.  3) . However, data transformation by smoothing or detrending often removed the low-frequency trend, which significantly reduced the possibility of finding a negative relationship between human epidemic events and temperature (39) .
When data were analyzed on a small time scale, we found two obvious correlation peaks (most of the correlations were positive) around AD 1600 and 1800 (Fig. 3) , corresponding to the cold phases (AD 1600, all temperature series) or relatively cold periods (AD 1800, except for Temp.T) (SI Appendix, Fig. S1 ). We did not know the exact reasons for this, but we speculated that these were likely caused by the direct positive effects of high-frequency temperature (Fig. 4) . Time series of epidemic events and temperature are often composed of both high-frequency and low-frequency components. Long-term trends of climate cooling would increase epidemic events indirectly via drought, flood, locusts, famine, and wars (Fig. 4) . However, at the cold phases around AD 1600 and AD 1800, an increase of temperature would benefit the vectors of pathogens, which would in turn increase the transmission of diseases, resulting in a direct positive association between temperature and epidemic events (SI Appendix, Fig. S3) . Thus, the unstable associations seen on the small time scale were more likely caused by the conflicting effects of the high-frequency (direct and positive) and low-frequency (indirect and negative) components of temperature ( Fig. 4 and SI Appendix, Fig. S3 ). Future studies should pay more attention to the scale-dependent effects of temperature on human epidemic events. It is also notable that some differences existed among different temperature series in their relationships with epidemics. In the SEM analysis and correlation analysis at low-frequency domains, only Temp.G showed no significant effects on the other variables (Fig. 2) . This was because Temp.G was obviously different from the other temperature proxies; the major difference was that Temp.G showed a trend of increasing temperature during AD 1400-1700 (SI Appendix, Fig. S1 ). For the decadally resolved temperature variables, all series showed unstable associations (most of them were insignificant) with human epidemic events, but there were more negative correlations at low-frequency domains (Fig. 3) . Two global temperature series (Temp.M and Temp.L) showed similar correlation patterns, while all Chinese temperature series except for Temp.T showed similar correlation patterns (Fig. 3) . These results suggested that the effects of global and regional temperature on epidemic events were similar for the large time scale (Fig. 2 A and B) , but different for the small time scale (Fig. 3) . This is reasonable, because climate would differ greatly at regional levels, but the long-term trends of climate change would be similar under the global drivers.
The results using annually resolved and decadally resolved data were similar for the large time scale (Fig. 2) , but the correlation patterns between them were different for the small time scale using 100-y time windows (Fig. 3) . The difference observed may be due to the removal of high-frequency data of less than 10 y from the decadally resolved data. The sample size of annually resolved data (over 500 y) was much larger than the decadally resolved one (over 50 decades). The analysis of decadally resolved data allowed us to use more temperature series.
Apart from climatic and biological factors, social factors such as wars and population density may also affect the prevalence of human epidemic events. It is expected that wars and population density facilitate the prevalence of infectious diseases; wars would disturb agricultural production and medical aid, while a high population density would increase the risk and spread of infection. By introducing war frequency (38) and population density (40) data into our analysis, we found a negative effect of temperature on human epidemic events via war frequency (SI Appendix, Fig. S4) . Our previous studies have demonstrated that climate cooling could increase war frequency via agricultural collapse due to more droughts and locusts (38) . In fact, it is well documented that wars have caused social chaos, large-scale immigrations and famine, increasing the prevalence of human epidemic events (41) . However, we did not find a pathway effect from population density to human epidemic events; instead, we found that high-frequency population density was negatively correlated with human epidemic events (r = −0. 16, P < 0.05, SI Appendix, Table S3 ). We speculated that the prevalence of human epidemic events led to human population declines. Indeed, high mortality was frequently reported in the historical records of epidemic events.
In summary, we found that temperature had negative effects on the prevalence of human epidemic events on a large time scale, mainly at low-frequency domains. However, these effects were unstable on a small time scale; positive associations were more likely detected at high-frequency domains. The positive effects of drought, flood, locust, and famine events on the prevalence of human epidemic events were consistent at both high-and low-frequency domains. Our results suggest that, over short-term periods, we should pay more attention to the effects of climate warming and drought, flood, locust, and famine events; over long-term periods we should be cautious as to the effects of climate cooling on the prevalence of disease transmission. The effects of temperature on human epidemic events were often scale dependent and far more complex than expected.
Using short-term data to predict the long-term trend of disease prevalence should be done with caution.
Methods
Data Sources. The time series of human epidemic events, drought, flood, famine, and locusts were extracted from the book entitled A Compendium of Chinese Meteorological Records of the Last 3,000 Years (20) . The compendium was compiled over a period of more than 20 y by a team of Chinese scientists and historians (42) . It presents records of significant weather events dating back to over 3,000 y ago. Over 8,000 historical documents were used and over 100,000 weather-related records were identified. Each record was carefully cross-checked for consistency with other reports and presented by date and location. Most of the records came from standard histories and local gazetteers in the Ming-Qing period. Standard histories were compiled by governments, while local gazetteers (including historical, geographical, economic, administrative, and natural events) were compiled by local officials. By the end of the Ming dynasty, almost every county or prefecture had its own gazetteer.
Time Series Reconstruction of Human Epidemic Events. A total of 250 and 5,131 human epidemic records were extracted from the compendium for the period before Ming-Qing (AD 1-1367) and from the Ming-Qing period (AD 1368-1911), respectively. Most of the records were not identified as linked to specific kinds of diseases, and only some records were able to be linked to rodent-borne plague, malaria, and cholera. Human epidemic records vary greatly spatially in China (Fig. 1) . Some provinces (e.g., Xinjiang Autonomous Region, Xizang Autonomous Region, Hainan province, and Taiwan province) have a small number of records. In this study, we mainly reconstructed time series of human epidemic events from eastern China (shadowed region in Fig. 1 ).
Our analysis focused on the data from the Ming-Qing period, because there were far more records of epidemic events (over 5,000 records) from this period. For the Ming-Qing period, we defined the prevalence of epidemic events for years with no epidemic records as zero, as the recording efforts of this period were extensive. For the period before Ming-Qing, there were only 250 epidemic records, due to the poor recording system at this time. Thus, for the period before Ming-Qing, we defined the prevalence of epidemic events in years with no epidemic records as missing values.
For the Ming-Qing period, the description of epidemic events was brief and informative, reporting the extent of infection and mortality. All of these descriptions were classified into ranks from 1-5 according to their severity (for details, see SI Appendix, Text S1). During this period, the total number of counties experiencing epidemics did not change too much, and the areas of the counties were relatively stable. Therefore, the county was used as the basic spatial unit in reconstructing the time series. The prevalence of human epidemics in a year was defined as the sum of the rank of human epidemic events of the reporting county. For the period before Ming-Qing, the descriptions of human epidemic events were very simple, and the number of administrative units (prefecture and county) and areas varied greatly. For this period, the prevalence of epidemic events in a year was defined as the number of administrative units with human epidemic records.
Climatic and Biological Variables. Temperature, drought, flood, locusts, and famine were used to represent the potential influencing factors. Records of famine, drought, flood, and locusts were also extracted from the book entitled A Compendium of Chinese Meteorological Records of the Last 3,000 Years (20) . The number of counties or prefectures with records of drought, flood, and famine in a year were used to reconstruct the time series of drought, flood, and famine. The locust time series during AD 1-1911 was obtained from Tian et al. (13) .
We have only two annually resolved temperature series, but six decadally resolved ones (SI Appendix, Table S1 ). Therefore, both annually and decadally resolved data were used in the analysis. Temp.T is the only available long-term annually resolved temperature proxy inside our study region. The decadally resolved temperature proxy Temp.W matches our research region best, while Temp.Y and Temp.G represent the temperature of China in its entirety, and Temp.M and Temp.L are two temperature proxies representing the northern hemisphere. Annually resolved data had a much larger sample size (over 500 y) than the decadally resolved ones (over 50 decades). However, the decadally resolved series helped us detect the regional or global differences in the associations between epidemic events and temperature.
Statistical Analysis. Data preparation. All time series of drought, flood, locusts, famine, and epidemic events could be biased, mainly due to the differences in recording efforts in the study period. Following the method of Tian et al. (13), we used the total number of meteorologically related records to represent the recording effort (SI Appendix, Fig. S5 ). By fitting the trend of the recording effort using a generalized additive model, we adjusted the reconstructed time series using the formula: T = (Gmax + G)/(2G) × T.orig, where T is the adjusted time series, T.orig is the original time series, G is the smoothed meteorological record number, and Gmax is the maximum of G (13) .
After correcting for recording effort, all data were log transformed and further detrended using linear regression to remove long-term linear trends in time, without removing the true long-term variations (low-frequency components) of these variables (SI Appendix, Datasets S1 and S2). Temperature variables were also detrended using linear regressions. The time series of temperature, drought, flood, locusts, famine, and epidemic events used for statistical analysis are shown in Fig. 1 and SI Appendix, Fig. S1 . Time series often are composed of both high-frequency (rapid changing) and lowfrequency (slow changing) components. The slow-changing environmental processes are also important in studying population dynamics of biological organisms, but they are often ignored by differencing or smoothing methods (39) . To identify the frequency-dependent effects, the time series described above were split into high-frequency and low-frequency series by using a 100-y moving average filter; that is, the low-frequency series was the data smoothed by the 100-y moving average filter, and the high-frequency series was the residuals of the 100-y moving average filter. To identify the differences between results analyzed at large and small time scales (i.e., length of study interval), all-frequency, high-frequency, and low-frequency data were also analyzed on a small time scale using a 100-y moving window. This allowed comparison with analyses conducted at the large time scale of over 500 y. Correlation and structural equation models. Correlation analysis was applied to map the relationships among these variables by following an adjusted significance testing method accounting for autocorrelation (13, 39) , because autocorrelation in ecological time series often violates assumptions of independence in correlation tests. Structural equation models (SEMs) were conducted to test the direct and indirect causal pathway assumptions as to how climatic variables affected the prevalence of epidemic events (SI Appendix, Fig. S6 ). The SEM analyses were performed in SPSS AMOS (version 21.0, IBM). We assumed that base climatic variables would affect all upstream variables in the SEMs, except for locusts, which we assumed would have no direct effects on human epidemic events. The best-fitting path diagrams were selected by keeping the significant path coefficients (P < 0.05), and taking into consideration the χ 2 test (43), comparative fit index (44) , and root mean square error of approximation (43) . Details are shown in SI Appendix, Table S4 . A latent variable representing several temperature variables was introduced into the SEMs to simplify the presentation of the results. SEM analysis on low-frequency data were not conducted due to strong correlations among these variables, but correlation results were presented to infer potential direct and indirect associations among variables. The results of both the correlation and SEM analyses are combined in Fig. 2 . To demonstrate the temporal consistency of associations between epidemic events and temperature on a small time scale, the correlations of temperature with these variables were analyzed by using 100-y moving windows (Fig. 3) .
